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Table 2. Major dimensions of notched specimens. 
D 8.35 mm 
d 5.0 mm 
R 5.0 mm to 0.25 mm 
 
The minimum diameter of the notched specimen was kept same as plain specimen to study the notch 
strengthening or weakening effects. The notch depth ratio (D/d) was fixed as 1.67 [8] and varied the notch 
acuity ratios (d/R) ranging from 1 to 20. Double notched specimens were used for experiment so that un-failed 
notch could be utilized for post test metallography. Tests on notched specimens were carried out in such a way 
that net stress acting on the notch is equal to the stress on plain specimen. The stresses for the plain specimen 
were selected to give a rupture life of maximum 1,000 h. The spacing between the notches was kept adequate 
so that the stresses and strain distribution would not affect each other. 
In order to understand the creep deformation and damage around the notch, analysis of stress and strain 
across it during creep exposure was carried out using FE analysis. 2D axisymmetric analysis was carried out 
using quadrilateral elements. Norton’s creep law relating the steady state creep rate with applied stress (ȑs=Aσn, 
where ȑs is the strain rate (h-1), σ is the stress (MPa) and A and n are constants) was used as a constitutive 
equation for the analysis. A mesh convergence analysis was first performed to avoid the effect of mesh size. 
This was carried out by running different models with varying element size until the difference in results 
between two consecutive models was negligible. The elastic modulus E was taken as 160 GPa and A was 
chosen to give a creep rate of 10-5 h-1 at a stress of 150 MPa for a given value of n. A net stress of 150 MPa was 
applied at the notch throat section of the specimen of various notch acuities and calculations were made for n 
ranging from 1 to 9. Typical finite element mesh used in FE analysis is shown in Fig. 2. The analysis was 
continued till the stress redistribution in the notch throat was completed and steady state had been achieved. 
 
 
Fig. 2. Typical mesh used for the FE analysis. 
3. Results and discussions 
3.1.  Creep rupture life 
The creep rupture life of the material was found to increase in presence of notch at all the applied stresses, 
Fig. 3. The extent of increase in rupture life was more at higher applied stresses. Creep rupture life was found 
to increase with notch acuity ratio and tend to saturate at larger notch acuity.  
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Fig. 3. Creep rupture life as a function of notch acuity ratio at different stress levels, 873 K. 
SEM fractography investigation revealed the presence of both plasticity induced dimpled intragranular 
ductile failure and creep cavitation induced intergranular brittle failure, Fig. 4. The relative proportion of 
plasticity induced ductile failure to creep cavitation induced brittle failure decreased with increase in notch 
acuity ratio, Fig. 5. 
 
Fig. 4. SEM fractograph revealing the presence of both plasticity induced dimpled intragranular ductile failure and creep cavitation induced 
intergranular brittle failure for notch radius of 0.25 mm at 130 MPa and 873 K. 
 
Fig. 5.(a) SEM fractograph revealing the intergranular brittle failure near surface for notch radius of 0.25 mm and 130 MPa and (b) the 
presence of plasticity induced dimpled intragranular ductile failure for notch radius of 5.0 mm and 130 MPa. 
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3.2. Finite element analysis 
Creep deformation and fracture under multiaxial state of stress is associated with the cavity nucleation, their 
growth and final fracture. Nucleation of creep cavity is associated with the stress concentration around particles 
which is produced by the inhomogeneous plastic deformation. Since the shear stress is required for the plastic 
deformation to occur, von-Mises stress plays a major role in creep cavitation [9-10]. The diffusive growth of 
intergranular cavities is associated with the maximum principal stress acting on those grain boundaries which 
are perpendicular to the stress. Therefore, growth of creep cavities is strongly dependent on the maximum 
principal stress.  
In order to understand the effect of multiaxial state of stress on creep deformation behaviour of the material, 
FE analysis was carried out. The value of stress exponent ‘n’ was varied to obtain the skeletal point stresses. 
Figure 6 shows the stress distribution across the notch after elastic deformation. The maximum stress at the root 
matched with the theoretical stress as calculated from Peterson’s equation [11] indicating the adequacy of mesh 
size refinement in FE analysis. The analysis carried out for different values of stress exponent and notch 
acuities showed that stress redistribution was found to be dependent on constraint developed across the notch 
and the value of stress exponent n of Norton’s creep law. Figure 6 shows the variation of maximum principal 
stress and von-Mises stress across the notch plane after achieving the stationary state for different n values and 
notch acuity ratio of 1 and 20. 
 
 
Fig. 6. Normalized stress distribution after the elastic deformation. 
The stress redistribution in the notched region was found to be independent of the stress exponent and 
intersected at one point, except at very low values of n. This point is called as skeletal point and could be used 
to characterize the deformation and failure of material under multiaxial creep conditions [12]. For shallow 
notch, the principal stress was found to be maximum at the centre of notch, Fig. 7(a). The maxima of principal 
stress shifted from centre to notch root with increase in notch severity, Fig. 7(b). The von-Mises stress was 
found to be stationary with distance from notch for shallow notch, Fig. 6(c). The stress was found to be 
maximum near notch throat for sharper notches, Fig. 7(d). High principal stress and von-Mises stress near the 
notch root would lead to creep cavitation induced brittle fracture near surface, Fig. 5(a). However, central 
region of the specimen notch plane would be typical dimpled ductile fracture in sharper notches, Fig. 4. 
Whereas, constant von-Mises stress throughout the notch plane in shallow notch indicates the uniform 
cavitation, Fig. 5(b). 
Creep rupture life in case of multiaxial state of stress is generally defined by the representative stress (σrep). 
The representative stress is the stress when applied to plain specimen, gives the same rupture life as that of 
notched specimen. The material is found to show notch weakening if σrep is higher than net applied stress, 
whereas notch strengthening if the σrep is lesser than net applied stress. Many relationships have been 
developed to predict the creep rupture life under multiaxial state of stress using the skeletal point stresses [12]. 
Among the existing relationships, the most popular relationship is by Hayhurst [13] which uses skeletal point 
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von-Mises and maximum principal stress to define the representative stress. The skeletal point von-Mises 
stress, maximum principal stress and hydrostatic stresses as a function of notch acuity ratio is shown in Fig. 8. 
All the stresses were found to saturate after notch acuity ratio of 10 suggesting the rate of strengthening 
saturates as observed experimentally. In the present investigation steady state analysis was carried out without 
considering the tertiary stage of creep deformation. Introduction of damage variable in material model could 
have given more insight to the fracture behavior under multiaxial state of stress. 
 
(a) (b) 
(c) (d) 
Fig. 7. Variation of stress around the notch subjected to creep exposure at 150 MPa and 873 K (a) Principal stress distribution for 
shallow notch (notch radius = 5.0 mm) and (b) sharp notch (notch radius = 0.25 mm), (c) von-Mises stress distribution for shallow 
notch (notch radius = 5.0 mm) and (d) sharp notch (notch radius = 0.25 mm). 
 
Fig. 8. Variation of von-Mises stress, maximum principal stress and hydrostatic stress obtained at skeletal point for different notch acuities. 
The stresses were normalized by net stress. 
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4. Conclusions 
Based on the creep experiments on notch and plain specimens and finite element analysis, the following 
conclusions have been drawn. 
• 2.25Cr-1Mo steel used in this investigation was found to show notch strengthening at all stress levels and 
notch acuities. 
• Creep rupture life was found to increase with notch acuity ratio and tend to saturate at larger notch acuity 
ratios. 
• For shallow notch, the principal stress was found to be maximum at the centre of notch. The maxima of 
principal stress shifted from centre to notch throat with increase in notch severity. 
• The skeletal point von-Mises stress, maximum principal stress and hydrostatic stresses were found to 
saturate with increase in notch acuity ratio. 
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